Introduction
The vertebrate embryonic brain is the first organ to develop and does so as a hollow structure similar to a balloon that expands rapidly during early embryogenesis. This growth occurs as an active, interdependent synergism between the increase of cerebrospinal fluid (CSF) within the cavity and proliferation of the cells comprising the neuroepithelium (Gato & Desmond, 2009 ). Initially, the embryonic brain is an open tube that becomes sequentially sealed anteriorly and posteriorly by closure of the anterior neuropore and occlusion of the spinal neurocoel (Desmond & Schoenwolf 1984) . As the tube is closed it also forms three vesicles anterior to posterior: the prosencepalon/forebrain, the mesencephalon/midbrain and the rhombencephalon/hindbrain. Expansion of the brain now rapidly occurs regulated by an increase in intraluminal pressure created by an increase in CSF (Desmond & Jacobson, 1977; Pacheco et al., 1986; Desmond & Levitan, 2002) . At the same time that the brain suggest that intraluminal pressure regulates cell proliferation which immediately leads us to ask how mechanistically this might come about. Are there perhaps molecules on the luminal surface of the embryonic neuroepithelium that act as mechanotransducers such as those found on the luminal surface of blood vessels (Lehoux et al., 2003 (Lehoux et al., , 2005 ?
These mechanotransducers or focal adhesion kinases (FAKs) have been shown to increase on the apical surface of segments of perfused rabbit aorta with doubling of the internal pressure of the segments (Lehoux, et al., 2005) . They have also been shown to be localized on the apical surface of retinal pigrmented epithelium during phagocytosis (Finneman 2003) ; the inner hair cells of the utricle of the inner ear (Evans & Muller 2000) ; and the neointima of new blood vessels (Cai et al., 2009) . Other studies show them to be upregulated in cultures of lung epithelial cells under strain correlated with an increase in cell proliferation, with Src and ERK activation (Chaturvedi, et al., 2007) . The localization of FAKs was not elucidated by the lung researchers. Most likely these FAKS are on the basal surface of the lung epithelium as they are in most epithelia other than those surrounding fluid filled cavities such as blood vessels and the embryonic brain reported here in our study. In fact, much more is known about FAK expression on the basal surface compared with its expression of the apical surface. Nonetheless, there is ample evidence of apical expression in blood vessels and other tissues.
Since the pressure being applied to the neuroepithelium is also steadily applied, we hypothesized that the mechano-detection pathway in the neuroepithelium may be one initiated by the phosphorylation of FAK. The embryonic brain is primarily a fluid filled cavity and thus similar to the aorta except for the difference in the magnitude of the intra-luminal pressure. In fact, the intraluminal pressure within the aorta is at least 23 times more than that within the embryonic brain based on the measurements of static pressure within the aorta and the embryonic brain. The internal static pressure in the aorta is 80 mm Hg (Lehoux, et al., 2005) compared with the average static pressure of 3.5 mm Hg of the CSF within the embryonic brain vesicles (Desmond, et al., 2005) . This great difference in magnitude of internal pressure, may mean that the mechano-receptors on the surface of the aorta are more primed to respond to changes in pressure than they are in the embryonic brain. Thus, we predicted that there would be a change in the phosphorylation of FAKs on the surfaces of the neuroepithelium in response to an increase in intraluminal pressure but that the response may not be as pronounced as in the aortic endothelium.
FAK is a protein kinase that forms a focal complex on the cytoplasmic side of the cell membrane and autophosphorylates in response to integrin signaling (Katsumi et al., 2004; Mitra et al., 2005) . It is a member of the nonreceptor tyrosine protein kinase (PTK) subfamily and mediates bidirectional signaling with either the extra-cellular matrix (Swartz, 2001) on the basal surface or extra-cellular fluid such as blood in vessels on the luminal surface as described above.
Autophosphorylation, and hence activation of FAK occurs when integrin-binding proteins such as paxillin and talin are recruited to an active integrin site at the cell surface. FAK as a protein tyrosine kinase donates a phosphate group to other proteins to activate or deactivate them. FAK itself can be phosphorylated to initiate active intracellular signaling cascades. Upon integrin signaling, FAK migrates to the site of focal adhesions where it can self-activate by forming a dimer with another FAK protein, a process called auto-or trans-phosphorylation. Once FAK is activated it recruits and subsequently phosphorylates other intracellular proteins such as Src and Grb2 to initiate various signaling cascades within the cell (Zhao and Guan, 2011) . Src and ERK 1/2 have been identified as downstream signaling molecules of FAK which are activated upon cellular strain to induce cell proliferation (Chaturvedi, et al., 2007) . Most of what is known about the FAK signaling pathway is for FAK on the basal surface.
It is our hypothesis that increased pressure generated by the CSF upon the neuroepithelium is detected by FAK on its luminal surface which in turn transmits this signal to the nucleus via the Src-dependent ERK1/2 cascade (Cho et al., 2005; Lehoux, et al., 2005) . In this study we focused only on whether FAK was indeed on the luminal surface as shown for blood vessels.
Based on the present understanding of FAK, and our hypothesis that intraluminal pressure gives a positive proliferative signal that is transmitted by FAK, we set out to test several predictions focused on establishing that FAK is indeed on the luminal surface of the neuroepithelium of early fluid-filled embryonic brains and responds to changes in internal fluid pressure. First, we planned to immunologically localize FAK on the apical and basal surfaces of the neuroepithelium at three phases of embryonic brain growth: the period immediately preceding neural tube closure, just after closure, and the period of rapid brain enlargement following closure. Secondly, we set out to immunologically assess phosphorylation of FAK at two tyrosine residues, tyr 397 and tyr 861. Finally, we sought to demonstrate a difference in the amount of FAK and its activation state on the luminal and basal epithelial surfaces in brains in which the internal pressure had been increased.
Results
To place the immunolocalization of FAK and p-FAK in context, it is important to recall that the neuroepithelium is initially pseudostratified and then truly stratified varying in the number of cell layers spanning the region between the two surfaces. The actual number of layers increases with the embryonic stage and differs for the three initial embryonic regions. As differentiation proceeds, neurons migrate different distances away from the basal surface and some neurons have axons that extend to the apical surface making a nuclear free layer. The outer one-sixth of the neuroepithelium, i.e. the basal surface, is mostly free of cell bodies/nuclei and rich in axonal extensions plus extra-cellular matrix. The inner luminal or apical surface is in contact with CSF while the basal surface is in contact with the extra-cellular matrix.
Immunolocalization of FAKs during period of brain enlargement
We examined the localization of FAK and p-FAK in the neuroepithelium at stages of development immediately prior to and during the period of early brain growth (stages HH 8-24). We found label in the neuroepithelium for all three brain vesicles in all of the stages examined but focused our attention on the midbrain since we have abundant information on the cellular dynamics of the neuroepithelium of the midbrain.
As illustrated in Fig. 1 , the pattern of localization for FAK was concentrated in three distinct regions: at the basal surface, at the luminal surface, and across the entire neuroepithelium within the cytoplasm of cells (Fig. 1A) . FAK at the basal surface occurred as a prominent band equal to a sixth of the total width of the neuroepithelium whereas at the luminal surface it was a distinct thin band much narrower in width than the basal label. In the region between the two surfaces, FAK was intensely labeled in the cytoplasm of the cells resembling a cross section of pimento inside stacked green olives (Fig. 1A) . The immunolabeling of p-FAK when compared with that of the FAK pattern showed a similar distribution but was less intense overall and more prominent at the surfaces (Fig. 1B,  C) . The band of p-FAK immunolabel at the basal surface is thinner than that of the FAK. The labeling of the basal surface appeared more uniform than that of the luminal surface. The band of p-FAK on the luminal surface also appeared more uniform than that of FAK. The cytoplasmic labeling is much fainter than that of FAK. Most importantly, the pattern of FAK activation was the same for both antibodies used, namely, that at tyr 861 (Fig. 1B) and the one at tyr 397 (Fig. 1C) but the signal was more intense for the antibody directed against tyr 861. Fig. 1D represents a negative with no primary antibody.
FAK activation is apparent by immunodetection early in development and in all three brain vesicles. Fig. 2 , A-C illustrates p-FAK localization in the forebrain (A) and midbrain (B,C). Interestingly, p-FAK is present on the luminal and basal surfaces while the tubular brain is still open to the outside and thus unable to accumulate CSF to form intraluminal pressure (see Fig. 2A of the prosencephalon of a stage HH8 embryo with the anterior neuropore (asterisk) clearly in view). The photomicrographs in Figs. 2 B,C are from the embryonic mesencephalons at HH stages 14 and 18 in which the brain is a completely closed tube. Although the images are at different magnifications compared with 2 A, p-FAK is clearly visible on the surfaces as well as across the neuroepithelium. This distribution of p-FAK immunolabeling is especially apparent at the higher magnification view in Fig. 1 B,C.
Although p-FAK is present early in development, it increases in intensity in the neuroepithelia of older stage embryos (compare 2 C with 2A) taken at identical exposures. In contrast, the intensity of immunolabel of p-FAK labeling is less distinct in the posterior region of the neural tube compared with the anterior (image not shown). This is consistent with the fact that formation of the actual tubular brain of the chick begins in the most anterior region, the prosencephalon, and proceeds posteriorly.
In addition to noting the pattern of p-FAK and FAK in the embryonic brain, we observed p-FAK in the lens, cranial mesenchyme, endothelium of blood vessels, endocardium, cranial ganglia and inter-somitic furrow (data not shown), as others have previously reported (Hens and Desimone, 1995; Kokkinos et al., 2007) .
When comparing the activation pattern of FAK with total FAK, it appears that FAK is differentially activated at the membrane edges while total FAK also exhibits intense internal cytoplasmic labeling. This suggests that activation of FAK occurs mostly on the surfaces which one might expect due to interaction with integrin complexes.
Western blot analysis of FAK phosphorylation process in neuroepithelium
Western blot analysis shows that FAK is present and activated in the neuroepithelium at HH stage 10 at low levels and increases in intensity in HH stages 12 to 24 ( Fig. 3 A,B ). Expression at stage 10 appears to be very low; however, because of the microscopic volume of tissue from each embryo (B, C, stages HH 14, 18) increasing to levels shown in Fig. 1 (stage HH 20) . The magnification bar equals 25 mm thus these photomicrographs are magnified 600 times. 
-FAK, tyr 861 (green) is on both of the surfaces, basal and apical, of the embryonic neuroepithelium prior to complete fusion of the anterior neuropore (*). Localization of p-FAK on the surfaces continues once the neural tube is completely closed and throughout brain expansion

Staining shows FAK (A) and p-FAK (B,C) and a negative control for p-FAK 397 (D) using antibodies for different tyrosine residues, 861 (B) and 397 (C). Both forms of FAK exhibit green fluorescence and the nuclei are stained red with propidium iodide. Note that the localization of FAK is very abundant in the cytoplasm of cells across the entire neuroepithelium as well as exhibiting a wide band at the basal surface (b) on the left and a pronounced band at the luminal surface (l). p-FAK is also localized at both the basal and luminal surfaces and in the cytoplasm of the cells in between but there is less intense cytoplasmic staining of the neuroepithelial cells for p-FAK compared to FAK. The staining patterns for p-FAK
The effects of intraluminal pressure on p-FAK and FAK expression patterns
In order to test the hypothesis that an increase in intraluminal pressure initiates an increase in p-FAK, we compared FAK with p-FAK expression within the neuroepithelium after experimentally increasing the intraluminal pressure. Analysis of the western blot shown in Fig. 4 reveals no apparent difference between the expression of FAK or its activation after a chronic increase in pressure.
Since there was no apparent change in FAKs within the neuroepithelium overall, we analyzed the intensity of FAK and p-FAK labeling at both the basal and luminal surfaces to see if the level of FAK expression or activation had changed as a consequence of increased pressure. As shown in Fig. 5 A-F there were no significant changes in FAK expression on either the basal or luminal surface. However, when we analyzed phosphorylated FAK on the surfaces of the neuroepithelium, we found significant changes for both the basal and luminal surfaces ( Fig. 5 G-L ). There was a 50% reduction of p-FAK on the basal surface as opposed to a 26% increase of p-FAK on the luminal surface after an increase in intraluminal pressure. Both of these changes were statistically significant using a Student's t-test. The quantitative results (western analysis and immunofluorescence quantitation) and the qualitative results (high density expression along the edges), suggests that an increase in pressure induces activation of FAK on the luminal surface. This supports the idea that there is a relation between intraluminal pressure and neuroepithelial FAK activity. In order to know if the change in localization of FAK expression induced by an increase in intraluminal pressure effected cell proliferation, we compared the number of cells expressing PCNA (Proliferating Cell Nuclear Antigen) within the neuroepithelium of brains under induced hyper-pressure with controls (Fig. 6) . There was nearly a 17% increase in the number of PCNA positive cells of the neuroepithelium in brains under pressure. This suggests that chronic increased pressure via BDX (4-nitrophenyl -b-Dxylopyranoside) increases the number of cells in the DNA synthesis stage of the cell cycle. However to rule out the fact that BDX may induce non-pressure related changes within the neuroepithelium, we cultured neurepithelium in presence of CSF from both control and BDX treated embryos and found no changes in cell mitotic activity (data not shown).
Discussion
A major finding of this study is that FAK, as well as its activated form, was immunolocalized for the first time on the neuroepithelium during the period of brain growth driven by internal pressure. FAK, 
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FAKs in early brain growth 39 a mechanotransducer in other physiological systems, is known to detect pressure and transmit signals to the nucleus via the src-Erk cascade. More importantly, we showed that an increase in intraluminal pressure elicited a significant increase of p-FAK on the luminal surface of the mesencephalon with corresponding decreased levels at the basal surface (Fig. 6) . Our findings taken together suggest that an increase in intraluminal pressure results in a different pattern of FAK activation from basal to luminal surfaces which presumably facilitates the transduction of signals that ultimately result in a proliferative response in the neuroepithelium. Our results support the hypothesis that a neuroepithelial receptor system to intra-luminal pressure is working during early development to accommodate brain cavity and neuroepithelial wall growth.
FAK expression in the neuroepithelium
FAK has been described previously in the vertebrate embryonic neuroepithelium (Hens & DeSimone, 1995) but our results are the first to show that FAKs exhibit a specific pattern of localization within the neuroepithelium especially on the surfaces. Putting our results in the context of early brain growth, an increase in the volume of the cavity is linked with an increase in the size of the neuroepithelium. Both increases in size are related. Cavity volume increases by a positive pressure of CSF and neuroepithelium growth increases by cell proliferation. We have previously shown a correlation between an increase in intraluminal pressure and an increase in mitosis in the embryonic brain (Desmond et al., 2004) ; however, the link between the two has not been established as it has been for other physiological systems regulated by intraluminal pressure. Such a system is the aorta. The aorta has been studied extensively by Lehoux, et al., 2005 . They have shown that an increase in intraluminal pressure increases the activation of FAK, Src, and Erk. When doubling the steady pressure in cultured aorta segments, Lehoux et al., 2003 Lehoux et al., , 2005 showed via immunohistochemical localization that FAK phosphorylation was enhanced on the luminal surface, i.e. the endothelium plus juxtaposed layer of vascular smooth muscle cells. Additionally, lysates of aortas previously subjected to steady pressure exhibited three times the phosphorylated FAK and ERK1/2 relative to total immunoprecipitated FAK or Erk compared with controls. High intraluminal pressure (150 mm Hg) activated FAK at several tyrosine residues: Tyr-397, Tyr-407, Tyr-861 and Tyr-925. The investigators further showed that FAK activation induced by steady high pressure was partially reduced in the presence of a Src family kinase inhibitor and that FAK coimmunoprecipitated with Grb2. Thus, they were also able to partially characterize the pathway of FAK activation induced by steady high pressure. Our results differed from Lehoux, et al., 2005 in that embryonic brains exposed to chronic high pressure showed a differential pattern of FAK activation but not an actual increase in the amount. One explanation for this difference in results may be because the high pressure we introduced in the embryonic brain was many fold less than what Lehoux, et al., introduced into the aorta. FAK activation also has been exhibited by endothelial cells and vascular smooth muscle cells in culture conditions exposed to steady stretch (Yano, et al., 1996; Li, et al., 2003) . These in vitro experiments parallel other studies using cultures of human pulmonary epithelial cells showing that Src and FAK mediate mechanical strain-induced cell proliferation and ERK1/2 phosphorylation (Chaturvedi, et al., 2007) . This study with H144 pulmonary epithelial cells nicely correlates an increase in cell proliferation with an increase in phosphorylation of FAK, Src and ERK1/2 but doesn't demonstrate localization of FAK, either total or phosphorylated. The FAK residues that were activated by cyclic strain were tyr 397 and tyr 576.
Fig. 5. Localization of FAK and p-FAK on the basal and luminal surfaces of the mesencephalon under control and increased pressure conditions. (A-F) Changes in FAK expression; (G-L) changes in p-FAK expression. There is a pair of micrographs illustrating the changes that are shown in each of the bar graphs. The rectangles on each of the sections are the areas on the surfaces (basal/luminal) that were measured for gray values and used in the bar graphs. (A,B) FAK decreases 22% (not statistically significant) on the basal surface when the mesencephalon is under increased pressure. (C,D) There is no change of FAK on the lumen surface when the brain is under pressure. In contrast, p-FAK exhibits a 50% decrease on the basal surface of the mesencephalon under pressure (G,H,K) compared with a significant 26% increase in p-FAK on the luminal surface of mesencephalons under increased pressure (I,J,L).
FAK expression in the neuroepithelium modified by intraluminal pressure
Two findings in our results support the idea that FAK activation is integral to brain growth. One is that p-FAK increases early on in brain growth, once the neural tube is closed as a result of occlusion of the spinal neurocoel and thus is under pressure (Desmond & Schoenwolf, 1985) . The other is that there is an increase in p-FAK on the luminal surface in response to an increased intraluminal pressure.
FAK as a mechanotransducer of intraluminal pressure that promotes mitosis
In other model systems, the relation between pressure and mitosis has been established as a receptor complex mostly identified as integrins associated with an intracellular cascade consisting of FAK, Src and Erk. The phosphorylation of these elements determine the degree of stimulation of mitosis. Integrins on the apical surface of the neuroepithelium have been previously described by others (Caprila, et al., 2009) . In our study we show that FAK is present within neuroepithelial cells and exhibits a pattern of phosphorylation expression associated with closure of the neural tube and establishment of a closed pressure system (Desmond and Jacobson, 1977; Desmond, 1982) . However, when we induced changes in the internal pressure exerted on the luminal surface, we didn't find changes in the amount of phosphorylation of FAK but we did find a relocalization of FAK activation to the luminal side from the basal side. We hypothesize that these mechanotransducers are the link between intra-luminal pressure and increased mitosis as shown in the model presented in Fig. 7 .
Discovering FAK within the neuroepithelium is an extremely important finding because it has been known for years that growth of the vertebrate embryonic brain requires a delicate balance between increases of cavity size via fluid acquisition to maintain intraluminal pressure and increases in tissue volume via cellular proliferation (Desmond & Jacobson 1977; Pacheco et al., 1986; Alonso et al., 1998 Alonso et al., , 1999 Desmond et al., 2005; Gato & Desmond, 2009; Levitan & Desmond, 2010) . Perhaps this is better understood in light of the fact that the early vertebrate embryonic brain is mostly cavity (70%) surrounded by a relatively thin neuroepithelium (30%). Balance between the growth of the two components is required to maintain the normal architecture of the embryonic brain. Failure of the tissue to grow while the pressure increases often results in a thin neuroepithelium and a greatly expanded cavity common to hydrocephaly.
If the tissue grows at a rate greater and out of balance with the internal cavity pressure, the tissue folds into the cavity which is common in a defect known as the Chiari II malformation (McLone & Knepper, 1989) . Thus, failure to maintain balance between growth of the two interdependent systems results in many congential defects.
Although much is known about the rates of growth of the embryonic brain, the pressure generated by the accumulation of CSF within the cavity and the role of FGF-2 in stimulating neuron proliferation and differentiation, nothing is known about the molecular-cellular mechanism by which intraluminal pressure induces cell proliferation. This study shows for the first time that a known mechanotranducer, FAK, is active in the neuroepithelium during the period of rapid growth.
FAK as a facilitator of neuronal cell alignment
In addition to inducing mitosis, FAK may play another important role during growth of the neuroepithelium, namely, it may aid in intercalating the newly formed daughter cells into the neuroepithelium. The fact that we found p-FAK throughout the neuroepithelium as well as on the two surfaces suggests that p-FAK may aid in intercalation of the newly formed daughter cells resulting from mitosis. This may be facilitated by loosening of the membrane attachments to the extra-cellular matrix (ECM), which is also characteristic of cells prior to metastasis (Chalkiadalki et al., 2009) . Several studies support the role of FAK as a modulator between cell adhesion to the ECM and proliferation as shown for endothelium (Ishida et al., 1996; Lehoux & Tedgui 2003; Pirone et al., 2006) . Focal adhesion disassembly prior to chemotaxis has not only implicated FAK but also FGF-2 via another non-receptor protein kinase, Fes (Kanda et al., 2006) . These researchers showed that FGF-2 acted on Fes to modulate Src activation by FAK. We propose that this may also be true for the embryonic neuroepithelium for which we have shown previously that both intraluminal pressure and FGF-2 increase cell proliferation (Desmond et al., 2005; Gato et al., 2005; Martin et al., 2006) .
Multiple mechanisms of regulating epithelial cell replication
Many studies have shown that there are receptors for growth factors on the luminal surface of the neuroepithelium (Parada, et al., 2008) . These factors arise from within the neuroepithelial cells and the CSF (Lehtinen, et al., 2011) . Here we describe a complementary mechanism to regulate embryonic brain growth. This mechanism most likely occurs during the period of rapid brain growth as an extra way to induce mitosis to accommodate the rapid growth.
Perspectives on the pressure-FAK regulation system in brain growth
This study emphasizes the importance of mechano-physical properties in morphogenesis. Despite the importance of molecular mechanisms, mechano-physical mechanisms are relevant to understand the complexity of embryonic development. Molecular functional experiments need to be done to test the hypothesis that p-FAK is the essential mechanotransducer in the neuroepithelium that sends its signal to the nucleus via the MEK pathway. Future experiments need to explore the effect of specific inhibitors of FAK phosphorylation as well as the immunolocalization of Src and ERK during same period of rapid embryonic brain expansion.
Materials and Methods
Cultivation and fixation of embryos
Chick eggs from White Leghorn hens were incubated at 38ºC and 98% relative humidity in a forced air incubator for the appropriate times to collect embryos for 12 Hamburger and Hamilton stages 8, 9,10,11, 12, 13, 14,15, 18, 20, 21, 24 (Hamburger and Hamilton, 1955) . These stages represent the period immediately preceding neural tube closure (8, 9, 10), just after closure (11, 12) and the period of rapid brain enlargement following closure (13, 14, 15, 18, 20, 21, 24) . After excision from the yolk, the embryos were rinsed in physiological saline (0.9%), blotted and fixed in Carnoy's fixative for one hr followed by dehydration in an ethanol series, clearing in xylene and embedding in Paraplast. Serial sections were cut at 8 mm, and transferred to 3-aminopropyl triethoxysilane (Sigma A3648) coated glass slides for immunolabeling. A minimum of three embryos per stage were serially sectioned and immunolabeled.
Immunolocalization of FAK for confocal microscopy
The sections were pre-blocked with freshly prepared 3% nonfat dry milk in PBS with 0.05% Tween-20 for 20 min at room temperature then incubated with a 1:1000 dilution of anti-phospho-FAK (tyr861 or tyr 397-sources are in Table below ) prepared in PBS-milk overnight at 4ºC. Next they were rinsed twice with distilled water before incubating with an Alexa 488-conjugated goat anti-rabbit IgG (Invitrogen A11008) at 1:5000 dilution in PBS-milk for 1.5 hr at room temperature. After incubation, they were washed twice with distilled water, followed by washing in Tween-20 (0.1%) for 3-5 min and five changes of distilled water before mounting with aqueous gel mount (Sigma G0918). Fluorescence images were obtained with a Leica TCS SPE confocal laser microscope equipped with a solid state laser with a 488 nm excitation filter and a dry 40X objective with a pinhole of 1 so that the optical slice thickness was 1.7 mm.
Controls for the specificity of antibody labeling were treated as above but without the primary antibody. Three antibodies were used for the immunostaining of brain sections; anti-FAK, anti-pFAK 397, and anti-pFAK 861. Because all three antibodies were produced in rabbits, the same conjugated anti-rabbit secondary was used to fluorescently label all of the sections. A negative control section exposed to the fluorescent secondary antibody but no primary antibody showed no signal. This control is valid for all three primary antibody probes.
Western blot analysis of FAK and p-FAK
Embryos (stages 10, 12, 14, 18-20, 24-25) were collected, the heads excised at the mesencephalo-rhombencephalic border and the eyes removed from all embryos stage 14 and older. The excised brains were flash frozen in liquid N2 and pooled on dry ice during the collection to prevent degradation. The tissue was homogenized mechanically in RIPA extractionlysis buffer (Fisher, #89900) with protease and phosphatase inhibitors (Pierce Chemicals), by forcing though a 23 gauge needle. Lysates were then stored in liquid N2. The number of brains per homogenate varied per group. The brain sample was thawed and homogenized again by forcing through a 23 gauge needle just before loading and running the gel. A Bradford assay (Thermo Fisher Scientific 23225) was done to determine protein concentration. A volume of sample containing 10 mg of protein supplemented with RIPA buffer (Thermo Fisher Scientific 89900) to 13 mL and 2X Laemmeli buffer to 26 mL total volume per sample was added to each well of a SDS-PAGE 10% gradient gel (BIO-RAD). The proteins were transferred to a PVDF membrane, the membrane was blocked with 5% nonfat dry milk and then incubated with diluted primary antibody(1:1500) at 4ºC overnight followed by rinsing and incubation with the secondary antibody(1:5000) for one hr at RT. Next the membrane was washed in TBST and incubated with a 1:1 solution of luminal:peroxide Chemi-reagent (PIERCE West dura). The blotted membrane was then imaged on an Alpha Innotech Gel Documentation apparatus. The source and specific antibodies used for western detection and immunolocalization are: 
Quantification of band intensities
Western blots were imaged using an Alpha Innotech gel documentation system. Band intensities were quantified from these images using Image J gel analysis. For each time point, intensities for the detected band were normalized to the signal obtained for GAPDH from the same sample. Indicated values are presented with the maximum FAK/GAPDH ratio set to 100% (Fig. 3B) .
Pressure manipulation experiments
Two day old chick embryos were placed into shell-less culture (Desmond & Jacobson, 1977; Tuan 1980a ), allowed to develop until stage 20 when 100 ml of 4mM 4-nitrophenyl -b-D-xylopyranoside (Sigma #N2132) was injected subgerminally to increase the intraluminal pressure 3-5 fold based on earlier work (Alonso et al., 1993) . We confirmed for this study that increasing the intraluminal pressure by increasing the osmolarity via 4-nitrophenyl -b-D-xylopyranoside (BDX) would also increase mitosis just as had been shown earlier by increasing pressure by adding fluid and keeping the osmolarity constant (Desmond et al., 2005) . Based on analyzing PCNA (proliferating cell nuclear antigen; Chemicon, #407) positive cells per area compared with controls for the neuroepithelia of four experimental and four control embryos, we found the increase in mitosis was 17% (71+ vs 54+ 3 labeled; Fig. 6 ).
Embryos were then allowed to develop 43 h until they were stage 24 (Alonso et al., 1993 ). An equal number of untreated embryos were staged and incubated along with the treated embryos to control for incubator conditions. Both treated and control embryos were excised from the yolk and fixed immediately in Carnoys fluid for one hour. Then the embryos were prepared for serial sectioning as described earlier and prepared for immunolocalization of p-FAK, and FAK as well as for western blot analysis. A minimum of three serially sectioned embryos for each treatment was analyzed and six excised brains were pooled for the western analysis.
Analysis of fluorescence
A semi-quantitative evaluation of fluorescence intensity was made by measuring the gray scale values for 10 representative images (1024x1024 pixels) for each condition: basal and apical surface regions of the mesencephalon from both control and increased pressure embryos. Areas of the brightness intensity were chosen for analysis. The fluorescence intensity of these areas was captured with a Leica confocal laser microscope TCP SPE with a 40X objective excited at a wavelength of 488nm. The software used for the quantification of fluorescence was Leica LAS AF 2.3.6. In all cases, the slice thickness was uniform as were the conditions of brightness and contrast and intensity of the laser itself. In each case a standard rectangular region of interest (33,000 pixels) was recorded as gray scale values.
Organotypic neuroepithelial cell culture
CSF was removed from control embryos and BDX treated embryos and then applied to excised mesencephalic neuroepithelium in organotypic culture as previously described (Gato, et al., 2005) . Epithelial cells undergoing DNA synthesis were identified by PCNA immunolabeling.
